We present a false vacuum inflationary scenario in which the inflaton field takes values considerably larger than the Planck scale. It is based on a class of inflationary potentials which can be derived from singular Kähler potentials in supergravity. Our scenario allows for a detectable gravitational wave contribution to the microwave background anisotropy.
Most successful inflationary scenarios [1] invoke a very weakly coupled gauge singlet scalar field, the inflaton, in order to account for the tiny temperature fluctuations ∆T T in the cosmic microwave background radiation. Nevertheless, the fine tuning that such a weak coupling entails can be avoided in an ingenious model constructed by Linde [2] and studied in detail soon afterwards [3] . Linde's model is a hybrid of chaotic inflation [1] and the usual theory of spontaneous symmetry breaking involving a possibly gauge nonsinglet field.
During inflation the non-inflaton field is trapped in a false vacuum state and the universe is dominated by the false vacuum energy density. Inflation ends with (or just before) a phase transition taking place when the non-inflaton field rolls very rapidly to its true vacuum state ("waterfall"). In the hybrid model the smallness of ∆T T is not directly related to the smallness of the self-couplings of the inflaton but can be obtained by exploiting the smallness of the false vacuum energy density in Planck scale units together with an appropriate slope along the inflationary trajectory. Thus, one has the option of forbidding the inflaton self-couplings through appropriate symmetries. This is most naturally implemented in the context of global supersymmetry by imposing R-symmetries [4] . Of course, one is still left with the problem of generating the necessary slope along the inflationary trajectory. One possibility is that this slope, or at least a significant part of it, is generated when global supersymmetry is promoted to local [5] , [6] , [7] .
To investigate the consequences that supergravity has on hybrid inflationary models we confine ourselves to the inflationary trajectory and use the simple superpotential
involving just the gauge singlet superfield S. W is the most general superpotential respecting the continuous R-symmetry W → e iθ W , S → e iθ S. In the context of global supersymmetry it gives rise to a slopeless potential V = µ 4 consisting entirely of the false vacuum energy density µ 4 which plays the role of a "temporary cosmological constant".
Let us now replace global supersymmetry by N = 1 supergravity with a choice of a minimal Kähler potential K =| S | 2 leading to canonical kinetic terms for the inflaton σ.
[Through R-symmetry transformations we bring the scalar component of the superfield S, for which the same symbol S is employed, to the form S ≡ 1 √ 2 σ, where σ is a real scalar field. Throughout our discussion we make use of units in which the reduced Planck scale
18 GeV is equal to 1 (M P l ≃ 1.221 × 10 19 GeV is the Planck mass).]
Then, the potential V acquires a slope and becomes [3] , [5] , [6] 
where (2) does not allow inflation unless x ≪ 1. Expanding V as a power series in x we see that, due to an "accidental" cancellation, the linear term in x is missing and therefore no mass-squared term is generated for σ. However, all higher powers of x are present in the series with coefficients ∼ µ 4 .
Small deviations from the minimal form of the Kähler potential respecting the Rsymmetry lead to a Kähler potential [7] 
The potential V generated from such an almost-minimal Kähler potential has an expansion in powers of x of the form
in which a linear term proportional to the small parameter β is now generated. All higher powers of x are still present in the series with coefficients ∼ µ 4 which are only slightly different from the corresponding ones obtained by expanding V of eq. (2). In particular,
there is a choice of the coefficients in eq. (3) for which the resulting potential corresponds to the one of eq. (2) with just the addition of the term βx [7] . Again we naively expect inflation to be allowed only for x ≪ 1.
Thus, one is tempted to conclude that the inflaton field variation in hybrid inflation with canonical [5] , [6] or quasi-canonical [7] supergravity is forced to be small in m P l units and that such a scenario necessarily allows only a limited number of e-foldings. Moreover, as a consequence of the small inflaton field variation the gravitational wave contribution to the cosmic microwave background anisotropy is expected to be undetectable [8] . This conclusion is correct for canonical supergravity because the Kähler potential is known exactly. For the quasi-canonical case, however, one cannot be sure by simply knowing a few terms in the expansion of eq. (3).
It would certainly be very interesting if we could arrange for a scenario in which the inflaton field takes values considerably larger than m P l during the period of inflation relevant to the presently observable universe. Naively, this has a chance to be achieved if the Kähler potential differs substantially from the minimal one, such that the resulting potential is a much more slowly increasing function of the inflaton field than the potential V of eq.
(2). It is then natural to expect the coefficients in the expansion of eq. (3) to be all large and in particular the coefficient β of the first correction term to be of order unity thereby forbidding inflation at small σ values. Another consequence of the appreciable corrections to the minimal Kähler potential is that, at large σ values, the inflaton field σ inf l with a canonically normalized kinetic term differs significantly from σ.
In order to achieve our goal we shall adopt the following procedure. We start by choosing the potential V (x) instead of the Kähler potential K(x) and we attempt to subsequently determine K as an appropriate solution of a differential equation. With only the superfield S being important during inflation and with the Kähler potential being, due to the Rsymmetry, a function of | S | 2 only, the potential V derived from W = −µ 2 S can be written in the form
This relation can be regarded as a differential equation for
whose solution K(x) satisfies the boundary conditions
Moreover, the canonically normalized inflaton field σ inf l satisfies the differential equation
with the boundary condition
Notice that the properties of the resulting scenario are not determined by the behavior of V as a function of σ but by its behavior as a function of σ inf l . The determination of V (σ inf l ) becomes, in turn, possible only after the system of differential eqs. (6) and (8) is solved.
The above equations simplify considerably if in eqs. (6) and (8) becomes negligible the solutions follow the asymptotic forms
which obviously depend on the choice of V only through the integration constants A, B
and C. Our assumption about dK dx means that A ≡ ln x + 3 1 + x dK dx −1 > ln x when eqs.
(10) and (11) start being applicable. Both K and σ inf l tend to infinity when x tends to its largest allowed value x 0 = e A with V tending to the finite, as we assume, value V (x 0 ). Then V , viewed as a function of σ inf l , soon becomes very flat thereby allowing for a very long inflationary era. Whether a specific V falls in the above class of potentials can be easily tested numerically.
In the following we will restrict ourselves to potentials of the type
involving the three real parameters α, β and γ in addition to the false vacuum energy density µ 4 . The choice α = γ = 1, β = 0, corresponds to eq. (2). We will, however, be primarily interested, as we already stressed, in a choice with 0 α 1, β ∼ 1 and γ considerably smaller than 1 giving rise to a function V (x) increasing more slowly than the one of eq. (2) which, however, is derivable from a Kähler potential differing substantially from the minimal one. By solving numerically eqs. (6) and (8) with the boundary conditions (7) and (9) we verified that the potentials of eq. (12) with the above choice of parameters do fall in the desired class, in contrast to the choice α = γ = 1, β ∼ 1 giving rise to potentials which do not.
In fig. 1 the numerical solution K(σ) is plotted for the choice of parameters α = 1, β = 1, γ = 0.5. We see that K(σ) remains below the canonical form K(σ) = ≪ 1) along the inflationary trajectory in supergravity has been suggested earlier in connection with "tilted hybrid inflation" [9] . This is our potential of eq. (12) with α = 0, β = γ = δ 3 ≪ 1. However, such a potential has not been shown in [9] to be derivable from a Kähler potential and for this reason the fact that the canonically normalized inflaton really differs from σ has been overlooked. Consequently, inflation seemed forbidden for large σ values which had as a result a limited total number of e-foldings. Even if
is chosen sufficiently small and inflation is naively expected to take place at relatively small σ values, the non-canonical kinetic terms could play an important role if strong radiative corrections [4] to the slope of the inflationary trajectory are present. In our opinion, as we already emphasized, small values of both β and γ are rather unnatural because they suggest a small first correction to the canonical Kähler potential with all the higher ones in the expansion of eq. (3) being rather large. As it turns out with α = 0, β = γ could be as large as unity in our scheme. Then inflation, which is now forbidden at small σ, must necessarily take place at σ values close to the largest allowed value σ 0 .
The potentials of eq. (12) with β ∼ 1 do not allow inflation unless d dx σ inf l becomes large i.e. unless σ inf l is described by eq. (11) with x close to x 0 = e A . Then, the number of e-foldings ∆N(x in , x f ) for the time period that x varies between the values x in and x f (x in x f ) is given, in the slow roll approximation, by
With x H being the value of x when the scale ℓ H , corresponding to the present horizon, crossed outside the inflationary horizon and x end its value at the end of inflation, N H ≡ ∆N(x H , x end ) is estimated to be
Using this relation we obtain estimates for the slow-roll parameters
and for the differential spectral index n H
For the quadrupole anisotropy ∆T T we employ the standard formula [10] ∆T
from which the parameter µ is estimated µ ≃ (1080) 
The first term in eq. (17) is the scalar component (
2 whereas the second is the tensor one (
T which represents the gravitational wave contribution. Their ratio r is
Taking N H ≃ 60 in the above formulas we obtain n H ≃ 0.97 and r ≃ 3×10 −3 . Therefore, the gravitational wave signal is undetectably small [11] in this scheme.
Our inflationary scenario, which is based on singular Kähler potentials, resembles the scenario considered in [12] . An important difference between the two is that in our case the superpotential considered during inflation is the typical one encountered in models of falsevacuum inflation whereas in [12] conditions are imposed on the superpotential which are not satisfied in the simplest models. The price that we pay for this generality is the inconvenience resulting from the fact that our Kähler potentials are determined only numerically.
The above formulas suggest that if the value N H ≃ 12 is employed then r ≃ 7 × 10
could be obtained leading possibly to a detectable gravitational wave signal [11] . Of course, such a low value of N H is allowed only if the inflationary stage just described is followed by a second one at values of x ≪ 1 producing the additional number of e-foldings necessary for the solution of the cosmological problems. This, in turn, becomes possible only if the parameter β in eq. (12) is much smaller than 1. As we already emphasized such a small value of β is highly unnatural unless α and γ are close to 1. We verified that the potentials of eq. (12) with α = 1, β ≪ 1 and γ = 1 − β do belong to the desired class and therefore allow for a second stage of inflation complementary to the first one.
Another possible application of such a two-stage inflation in which, however, all the important N H e-foldings take place during the second stage has to do with the solution [13] of the problem of the initial conditions for hybrid inflation [14] . The reason that, hopefully, this will turn out to be the case is that now inflation could start at very large inflaton field values and energy densities ∼ m 4 P l . Finally, table 1 gives the values of the integration constants A, B and C appearing in the asymptotic solutions for K and σ inf l for several values of the parameters α, β and γ.
To summarize, we presented a false vacuum inflationary scenario in supergravity taking place at inflaton field values considerably larger than m P l and based on potentials derived from singular Kähler potentials. In some cases our scenario predicts a detectable gravitational wave signal in the cosmic microwave background anisotropy. 
